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A balanced distribution of absorbed light energy between
photosystem I and II (PSI, PSII) is required for maximum efﬁciency
during oxygenic photosynthesis. State transition is a balancing
mechanism that consists of two states: state 1 is induced by
preferential excitation of PSI, and state 2 is induced by preferential
excitation of PSII [1]. It is generally accepted that the mechanism
involves a mobile light-harvesting antenna [2]. Another proposed
mechanism is spillover, in which PSII transfers its excess excitation
energy to PSI [3]. Green algae and cyanobacteria possess mobile light-
harvesting antennae that regulate the excitation energy distribution
[4,5]. Conversely, a previous report suggested that red algaemay use a
spillover mechanism [3].
However, it is difﬁcult to distinguish themobile antennamechanism
from the spillover mechanism under natural conditions. This is because
the loose binding of mobile antennae and reaction centers (RC) makes
it difﬁcult to isolate and purify antenna–RC complexes. Fluorescence
spectroscopy is useful for monitoring the state transition in vivo [4].
Because PSI-RC and PSII-RC have similar chromophores, excitationphotons are absorbed by both reaction centers. Steady state ﬂuores-
cence measurement cannot distinguish whether the mobile antenna
transfers its energy to PSI directly or via PSII. Although time resolved
ﬂuorescence spectroscopy has revealed energy transfer kinetics, energy
transfer from the mobile antenna to PSI and PSII is still complicated
because a large number of chromophores are involved in these systems
[3]. Furthermore, similar time constants (b100 ps) are observed in
energy transfer from the mobile antenna to RC and energy transfer
within RC [6–8]. Accordingly, it is necessary to observe excitation
energy ﬂow after direct excitation of PSI-RC or PSII-RC to examine the
balancing mechanism.
PSII-RC speciﬁcally emits delayed ﬂuorescence in the range of
15–60 ns at−196 °C [7,9–11], whereas PSI and mobile antennae show
little ﬂuorescence in this range [6,12–14]. Charge separation in the PSII-
RC takes place after the excitation energy absorbed by the antenna
chromophore reaches the PSII-RC. At low temperatures, direct charge
recombination occurs between P680+ and pheophytin a, and the
excited state is regenerated at PSII-RC far later than the initial excitation
pulse [9]. Therefore, the delayed ﬂuorescence spectrum reﬂects the
ﬂuorescence spectrum generated by direct excitation of PSII-RC.
Red algae possess a large light-harvesting antenna, phycobilisome
(PBS) [15], which is composed of three types of phycobiliproteins:
phycoerythrin (PE), phycocyanin, (PC) and allophycocyanin (APC). PE
contains two types of chromophores: phycourobilin (PUB) and
phycoerythrobilin (PEB). PC and APC contain phycocyanobilin (PCB)
as a chromophore, which possesses a lower excitation energy level
than the two types of chromophores in PE. These chromophores
absorb a wide range of light from 500 nm to 680 nm; therefore, they
Fig. 1. a) Absorption spectra of Porphyridium cruentum (thick solid line), Bangia
fuscopurpurea (thick dash line), and Porphyra yezoensis (thin solid line) at room
temperature. Spectra were normalized at 680 nm. Car, carotenoids; PUB, phycour-
obilin; PEB, phycoerythrobilin; PCB, phycocyanobilin; Chl a, chlorophyll a. b) Contour
map of steady state ﬂuorescence spectra of P. cruentum at −196 °C. Spectra were
measured at excitation wavelengths every 5 nm from 400 to 680 nm. Inset: gradation
scale of ﬂuorescence intensity.
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very large optical cross-section in the visible region. In cyanobacteria,
PBS transfers excitation energy directly to both PSII and PSI [16].
Conversely, previous studies of red algae have suggested that energy
transfer might occur from PBS to PSI via PSII (spillover) [3]. However,
to the best of our knowledge, there is no direct experimental evidence
of energy transfer processes from PSII to PSI in vivo. In this study, we
measured the time resolved ﬂuorescence of intact cells of various red
algae in the range of 0–80 ns and observed ﬂuorescence decay
associated spectra, including the delay ﬂuorescence spectra. The
delayed ﬂuorescence spectra of various red algae showed that more
than 50% of PSII transfers excitation energy to PSI. Additionally, the
ratio of spillover increased in proportion to the accumulation level of
PEB when compared to that of chlorophyll a.
2. Materials and methods
Porphyridium cruentum NIES-2138 was obtained from the National
Institute for Environmental Studies, Ibaraki, Japan. Macrophytic red
algae Bangia fuscopurpurea and Porphyra yezoensis were collected
from the ﬂoating net of Nori-culture in Harimanada (Hyogo, Japan),
and Chondrus giganteus and Prionitis crispata were collected on the
rocky coast of Awaji Island (Hyogo, Japan). Steady state absorption
spectra were recorded under a microscope (Olympus BX50) using a
light guided multichannel photodiode array detector (PMA-11,
Hamamatsu Photonics) at room temperature [17]. Steady state
ﬂuorescence spectra were recorded using a spectroﬂuorometer (FP
6600, JASCO) at −196 °C. The excitation wavelength was 400 nm to
680 nm with 5 nm intervals, and ﬂuorescence spectra were recorded
with 1 nm intervals. Time resolved ﬂuorescence was measured using
the time correlated single photon counting method at −196 °C [18].
The excitation wavelength was set at 400 nm and the repetition rate
of the pulse trains was 2.9 MHz, which did not interfere with
measurements taken at up to 100 ns (24.4 ps/channel×4096 chan-
nels). To improve the time resolution, time resolved ﬂuorescence was
also measured for up to 10 ns (2.4 ps/channel×4096 channels) using
a 1 nm interval (680–700 nm) and a 2 nm interval (700–740 nm).
Following global analysis of the ﬂuorescence kinetics, ﬂuorescence
decay associated spectra (FDAS) were constructed [18].
3. Results
3.1. Steady state absorption and ﬂuorescence spectra
Fig. 1a shows absorption spectra of P. cruentum, B. fuscopurpurea,
and P. yezoensis normalized at 680 nm. Chlorophyll a showed two
peaks at 440 nm and 680 nm in all samples, corresponding to the
Soret and Qy bands, respectively. Three types of phycobilins, PUB, PEB,
and PCB, exhibited absorption peaks around 500 nm, 560 nm, and
625 nm, respectively [18]. Carotenoids also contributed to the 500 nm
peak. The intensity of the PEB peak was lower in the P. yezoensis
sample than the P. cruentum and B. fuscopurpurea samples, which
might reﬂect a variation of relative amount of PBS compared to that of
reaction centers in individual samples.
Fig. 1b shows the ﬂuorescence spectra of P. cruentum at −196 °C
measured using excitation wavelengths of 400–680 nm. The 440 nm
and 560 nm excitation lights were solely absorbed by chlorophyll a
and phycoerythrobilin, respectively, whereas the 400 nm excitation
light was absorbed by both phycobilins and Chl a[18]. The 440 nm
excitation showed a peak around 715 nm, which came from red
chlorophyll a in PSI (PSI red Chl). These ﬁndings are consistent with
the previous ﬁnding that approximately 80% of the Chl awas attached
to PSI in P. cruentum grown underwhite light [19]. Under an excitation
wavelength of 400 nm, three ﬂuorescence peaks were observed
around 590 nm, 650 nm, and 715 nm. The former two were produced
by PEB and PCB in PBS, respectively, while the latter onewas producedby PSI red Chl. In addition, a shoulder at about 685 nm was produced
by Chl a in PSII, which accepts excitation energy from phycobilins in
addition to direct excitation by light energy itself. Under an excitation
wavelength of 560 nm, only PEB in PBS absorbs the light energy, and
energy transfer occurs. Four peaks were observed around 590 nm,
650 nm, 685 nm, and 715 nm, and the latter two were produced by
Chl a in PSII and PSI red Chl, respectively. These ﬁndings indicate that
excitation energy was transferred from PBS to both PSII and PSI. To
determine if PBS transfers its energy to PSI directly or via PSII, we
measured the time resolved ﬂuorescence at an excitation wavelength
of 400 nm.
3.2. Fluorescence decay associated spectra (FDAS)
3.2.1. FDAS of P. cruentum
Time resolved ﬂuorescence measurements were conducted to
reveal the energy transfer processes in the PSII and PSI ﬂuorescence
wavelength region. Fig. 2a shows the ﬂuorescence decay associated
spectra (FDAS) of P. cruentum obtained at −196 °C. The ﬁrst four
components, 60 ps, 100 ps, 470 ps, and 1.6 ns, reﬂect energy transfer
kinetics including quenching of energy traps following laser excita-
tion. In addition, the 13 ns component is a delayed ﬂuorescence
spectrum that reﬂects energy distribution after the charge recombi-
nation at PSII-RC [9]. In other words, the 13 ns component can be
viewed as a ﬂuorescence spectrum with direct excitation of PSII-RC.
The 60 ps component possessed a set of positive and negative
peaks at 692 nm and 712 nm, indicating energy transfer to PSI red
Chls. The 100 ps component showed a positive peak at 706 nm with a
shoulder at 712 nm, which might reﬂect energy transfer around the
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the 470 ps component. Moreover, the 1.6 ns component showed a
positive peak at 722 nm, indicating a contribution of another PSI red
Chl. In addition to PSI peaks, the 100 ps component showed a set of
positive and negative peaks at 685 nm and 690 nm, reﬂecting energy
transfer in PSII. However, the intensities of the PSII peaks were weak
when compared to those of the PSI peaks.
The 13 ns component is a delayed ﬂuorescence spectrum that
reﬂects the excitation energy distribution after charge recombination
in PSII-RC. Three peaks were observed at 686 nm, 696 nm, and
712 nm. The former two peaks were consistent with those of the PSII
cores isolated from spinach and Synechocystis sp. PCC 6803 [9].
Surprisingly, the delayed ﬂuorescence that originated in charge
recombination in PSII showed a large peak at 712 nm from PSI red
Chl. These ﬁndings clearly demonstrate that energy transfer from PSII
to PSI, i.e., spillover, occurred. The ratio of the integrated intensity of
the PSI peak to the PSII peaks was 2.9 (summarized in Table 1), which
may reﬂect the proportion of PSII–PSI complex.
3.2.2. FDAS of B. fuscopurpurea
The results observed in other species of red algae were nearly
identical to those observed in P. cruentum. Fig. 2b shows the FDAS of B.
fuscopurpurea at −196 °C. The 50 ps component possessed a broad
positive peak around 700 nm and negative peaks at 715 nm and
725 nm, indicating energy transfer to PSI red Chls. The 360 ps
component showed two sets of positive and negative peaks. The
former peaks were at 685 nm and 695 nm, which were similar to the
results observed for P. cruentum and reﬂected energy transfer in PSII.
The latter peaks were at 715 nm and 735 nm, indicating slow energy
transfer between PSI red Chls. In the 1.2 ns and 2.8 ns components, PSI
red Chls showed positive peaks around 730 nm.
The 29 ns component is a delayed ﬂuorescence spectrum that
reﬂects excited energy distribution following the charge recombina-
tion in PSII-RC. Three peaks were observed at 685 nm, 695 nm, and
725 nm. The delayed ﬂuorescence showed a large peak in the PSI red
Chl region, as is the case for P. cruentum. The ratio of the integrated
intensity of the PSI peak to the PSII peaks was 2.4.
3.2.3. FDAS of P. yezoensis
Fig. 2c shows the FDAS of P. yezoensis at −196 °C. The observed
kinetics were similar to those of B. fuscopurpurea, with the followingFig. 2. FDAS of Porphyridium cruentum, Bangia fuscopurpurea, and Porphyra yezoensis at 77 K.
correspond to ﬂuorescence decay and rise components, respectively.exceptions: a) PSII peaks appeared to be more clear, and the ratio of
integrated intensity of the PSI peak to the PSII peaks was 1.9 in the
20 ns components; b) the deepest red Chl in PSI showed a
ﬂuorescence maxima at 738 nm. The latter ﬁnding reﬂects the
diversity of the red Chls in various photosynthetic organisms of red
algae. The former result reﬂects efﬁcient light-harvesting in PSII, and/
or suppressed spillover. Here, P. yezoensis showed the lower
accumulation level of PEB (Fig. 1a, thin solid line), which suggests
the limited light-harvesting ability of PSII. Therefore, spillover was
reduced in P. yezoensis sample.3.2.4. FDAS of C. giganteus and P. crispata
To elucidate the correlation between the accumulation level of PEB
and spillover while excluding the differences between species, we
selected C. giganteus and P. crispata as additional samples. Fig. 3a and b
shows photographs of these samples. Both species have ﬂabellate
thalli with a cuneate base. There were color variations in these
samples, with the C. giganteus sample appearing purple around the
base and gradually becoming green going toward the tip, while the
P. crispata sample was green at the base and purple at the tip. These
features were useful for comparison of the accumulation level of
phycoerythrobilin and the degree of spillover in the same species. The
absorption spectra of the purple colored part showed a clearly higher
absorption intensity at around 550 nm when compared to the green
colored part (Fig. 3c and d). These ﬁndings reﬂected the higher
amount of PEB in the purple colored part of the organism.
Fig. 4 shows the FDAS of C. giganteus and P. crispata at−196 °C. All
samples showed similar kinetics in the four components, 50–60 ps,
110–180 ps, 610–890 ps, and 2.2–2.7 ns. A difference was observed in
the components with the longest lifetime, which were the delayed
ﬂuorescence spectra. In C. giganteus samples, the delayed ﬂuorescence
spectra (12 ns for purple and 18 ns for green) showed three peaks at
686 nm, 696 nm, and 716 nm, which were assigned to the PS II, PS II,
and PS I ﬂuorescences, respectively. For this organism, the PSI peak
was prominent in the purple colored part. The ratio of the integrated
intensity of the PSI peak to the PSII peaks was 4.0 for the purple
colored part, while it was 1.2 for the green colored part. The P. crispata
samples also showed similar patterns to the delayed ﬂuorescence
spectra (14 ns for purple, and 13 ns for green), with three peaks being
observed at 686 nm, 696 nm and 718 nm. In addition, the relative
intensity of the PSI peak compared to the PSII peaks was higher in theThe amplitudes were normalized at short lived component. Positive and negative peaks
Table 1
Excitation energy distribution and antenna size.
P. cruentum B. fuscopurpurea P. yezoensis C. giganteus
(purple part)
C. giganteus
(green part)
P. crispata
(purple part)
P. crispata
(green part)
Delayed ﬂuorescence intensity ratio
(PSI peak/PSII peak)
2.9 2.4 1.9 4.0 1.2 2.5 1.1
Fluorescence mean lifetime ratio
(PSI peak/PSII peak)
1.0 1.2 1.7 2.7 1.5 1.5 1.3
Estimated ratio of PSII–PSI
complex/independent PSII
2.9 2.0 1.1 1.5 0.80 1.7 0.85
Absorbance ratio (PEB/Chl a) 0.75 0.7 0.35 0.31 0.09 0.34 0.13
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intensity of the PSI peak to the PSII peakswas 2.5 for purple and 1.1 for
green.
4. Discussion
The steady state ﬂuorescence spectra with excitation around 500–
600 nm (PBS excitation) showed PBS–PSII peaks (590–685 nm), as
well as a PSI red Chl peak (~715 nm) (Fig. 1b). These ﬁndings indicate
that excitation energy was transferred from PBS, and that both PSII
and PSI worked as ﬁnal energy traps. Two energy transfer pathways
are possible from PBS to PSI: direct transfer from PBS to PSI
(PBS→PSI) and sequential transfer via PSII (PBS→PSII→PSI).
We can recognize energy transfer from PSII to PSI by measuring the
delayed ﬂuorescence spectrum at −196 °C. The delayed ﬂuorescence
showed lifetimes longer than 10 ns, which originated from an excited
state that was populated by charge recombination at the level of the
photochemical trap of PSII [9,11]. Additionally, delayed ﬂuorescence
was not detected in isolated PS I because charge recombination does
not occur due to rapid electron transfer from the primary electron
acceptor to the secondary electron acceptor [14]. The 12–29 ns
components of FDAS are the delayed ﬂuorescence spectra of red algae
intact cells (Figs. 2 and 4). All delayed ﬂuorescence spectra showed aFig. 3. Photographs and absorption spectra of color variants of Chondrus giganteus (a) and Prio
thalli.PSI peak around 710–730 nm in addition to PSII peaks at 686 nm and
696 nm. The PSI peak in the delayed ﬂuorescence spectra indicates
energy transfer from PSII to PSI following the charge recombination in
PSII-RC. Moreover, the existence of PSII peaks indicates that there is a
PSII system that did not transfer its excitation energy to PSI. As
discussed later, only the 50–60 ps component contains signals that can
be assigned due to the energy transfer from PSII to PSI, and contribution
of slow spillover is not recognized. The time constant of spillover, 50–
60 ps, is ten times shorter than the mean lifetime of isolated PSII
complex at −196 °C [9]. Therefore, it is expected that the ratio of
intensities of PSII and PSI peaks in the delayed ﬂuorescence spectrum
mainly reﬂects a ratio of spillover.
The time constant of spillover is not necessarily clear at the present
experimental stage; however, the 50–60 ps component is the most
probable candidate. This is because the 50–60 ps components of FDAS
showed a set of positive and negative peaks around 690 nm and 710–
730 nm in all samples (Figs. 2 and 4), which reﬂects efﬁcient energy
transfer to the PSI red Chl. If excitation energy transfer occurred from
PSII to PSI (spillover), the intensities of PSII ﬂuorescence would
decrease and those of PSI ﬂuorescence would increase independently
of the existence of a PBS–PSI direct transfer. In FDAS of
B. fuscopurpurea and P. yezoensis samples (Fig. 2b and c), the 360 ps
and the 220 ps components also showed a negative peak at 735 nmnitis crispata (b) thalli. Both species have purple and green colored portions in the same
Fig. 4. FDAS of Chondrus giganteus and Prionitis crispata at 77 K. Purple and green colored parts were measured individually (see Fig. 3). The amplitudes were normalized against the
short lived components. Positive and negative peaks correspond to ﬂuorescence decay and rise components, respectively.
Fig. 5. Estimated relationship between relative amount of phycobilisome and spillover. The
relative amount of phycobilisomewas represented by the absorbance ratio (A550/A680). The
spillover indexwas estimated from the delayed ﬂuorescence intensity andmean lifetime in
the PSI and PSII wavelength region. Inset: relationship between the relative amount of
phycobilisome and delayed ﬂuorescence intensity ratio (PSI wavelength region/PSII
wavelength region).
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Chl of PSI. Here, the delayed ﬂuorescence spectra did not show a
positive peak of the deepest red Chl. Therefore, the slow energy
transfer might not act as a main pathway of spillover.
The possible time constant of spillover, 50–60 ps, was observed at
−196 °C. At low temperature, only downhill energy transfer, from
PSII to PSI red Chl, should be observed. On the other hand, at room
temperature, both downhill and uphill pathways become effective
[20]. Therefore, Chl in PSII could share excitation energy captured by
Chl in PSI through PSI-to-PSII uphill energy transfer at room
temperature when the amount of PBS becomes too small under
several environmental conditions [21].
In the delayed ﬂuorescence spectra, the ratio of the integrated
intensity of the PSI peak to the PSII peaks was higher in the purple
colored parts than the green colored parts (Fig. 4). This trend suggests
that there was enhanced spillover in response to the larger
accumulation of PBS. PBS contains PUB, PEB, and PCB, which have
absorption maxima of approximately 500 nm, 550 nm, and 630 nm,
respectively. Here, Car showed an absorption maximum of 500 nm,
and Chl a exhibited a QX band around 630 nm. Therefore, we selected
the relative absorbance at 550 nm as an indicator of the amount of PBS
(Figs. 1 and 3, and Table 1). It was previously reported that P. cruentum
does not change the phycobiliproteins' composition under various
light condition [19]. In this case, the amount of PBS reﬂects the
number of PBS. However, as shown in Fig. 3d, the purple colored part
of P. crispata showed larger PE peak around 550 nm without clear
change in PC peak around 630 nm compared to the green colored part,
indicating difference of the phycobiliproteins composition between
each parts. The amount of PBS may not be equal to the number of PBS,
but it mostly reﬂects the peripheral PSII antenna size. The inset in
Fig. 5 shows the relationship between the relative amount of PBS and
the ratio of the delayed ﬂuorescence intensity (PSI red Chl wavelength
region/PSII wavelength region). We observed a weak correlation with
a correlation coefﬁcient of 0.49. Here, the ratio of delayed ﬂuorescence
intensity reﬂected the amount of PSII that interacted with PSI;
however, the ratio was also affected by the ﬂuorescence quantum
yield of both PSII Chls and PSI red Chls. The ﬂuorescence quantum
yield of monomeric Chl a varies with environmental conditions
including solvents or proteins, showing a lifetime range of 2–7 ns as
the singlet excited state lifetime [22–26]. We assumed that the
ﬂuorescence quantum yield was roughly proportional to the ﬂuores-
cence mean lifetime in the range of b7 ns. The delayed ﬂuorescencelifetime mainly reﬂected electron transfer steps, and the threshold of
b7 ns only omitted the delayed ﬂuorescence component from
calculation of the mean lifetime in our data. Table 1 summarizes the
ratio of the ﬂuorescence mean lifetimes of PSI red Chls to that of PSII
Chls. In the purple part of C. giganteus, the ratio of the integrated
intensity of the PSI peak to the PSII peaks was 4.0, but the mean
lifetime was also 2.7 times longer in the PSI red Chl region. These
ﬁndings suggest that the excitation energy in PSI red Chl has a 2.7
times greater probability of ﬂuorescence emission than that in PSII.
Therefore, a corrected value of 4.0/2.7=1.5 more accurately repre-
sents the ratio of PSII that interacts with PSI in the purple part of
C. giganteus sample. The ratios in the other samples were also
corrected (Table 1). Fig. 5 shows the relationship between the
estimated ratio of PSII that interacts with PSI and the amount of PBS,
which showed a correlation coefﬁcient of 0.92. The ratio of the PSII–
PSI complex to the independent PSII complex ranged from 0.8 to 2.9,
Scheme 1. Estimated relationship between PSII antenna size and spillover. Stars
represent excited state generated by charge recombination in PSII. Black arrows
represent excitation energy transfer processes after charge recombination in PSII.
Delayed ﬂuorescence appears following charge recombination and the energy transfer
process (white arrows).
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energy with PSI in our samples. The various species harvested from
their own ﬁelds showed a single correlation between the relative
amount of PBS and the ratio of the PSII–PSI complex. A larger amount
of PBS increased the contribution of spillover (Scheme 1). Red algae
may use PBS as an antenna for both PSII and PSI via the spillover
mechanism [3]. A larger amount of PEB indicates a higher light-
harvesting probability in PBS, which causes an increase in PS II
antenna size; therefore, red algae use the spillover mechanism to
transfer energy to PSI. In addition, a previous report suggested that
P. cruentum changes the relative numbers of PSI and PSII per PBS
depending on growth light conditions [19]. This acclimation is
effective; however, it requires time to synthesize RC [27]. The delayed
ﬂuorescence spectra in the present study revealed that various species
of red algae used the spillover mechanism. When PSII was attached to
PSI, Fv/Fm could decrease due to additional competitive traps
including P700. It has been suggested that P. cruentum shows a
rapid reversible change in Fv/Fm in response to light wavelength
[27,28]. The degradation curve of PSII shows slower kinetics when
compared to the change of Fv/Fm during the early stages [27];
therefore, another mechanism may account for the rapid acclimation.
Accordingly, we can conclude that spillover plays a role in the rapid
acclimation to light in red algae.
The delayed ﬂuorescence lifetime varied from 12 to 29 ns in our
samples. This is not surprising because isolated PSII particles from
various photosynthetic organisms have also shown individual delayed
ﬂuorescence lifetime in the range of 15–60 ns [9–11,29–31]. One
possibility of lifetime variation is the difference in the energy migration
pathway following charge recombination in PSII-RC [32]. This variation
could also be inﬂuenced by the open/closed state of PSII-RC [10].
In this study, we demonstrated that red algae utilized spillover to
share the excitation energy between two photosystems, PSII and PSI.
The ratio of PSII–PSI complex to the PSII complex ranged from 0.8 to
2.9, and this ratio was related to the light-harvesting ability of PBS.
Further studies are necessary to determine the detailed conformation
of the PSII–PSI complex.
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